Abstracf-We present the design and preliminary results from a SQUID 'milliscope'. The device was designed for nondestructive evaluation (NDE) as part of the Enhanced Surveillance Program at Los Alamos National Laboratory. A high temperature superconducting (HTS) SQUID sensor is used to map magnetic fields induced in the sample. Eddy currents are induced in the conducting sample by a wire coil designed to produce minimal magnetic field at the SQUID when no sample is present. The features of interest are characterized by anomalies in the induced magnetic field. The goal of the instrument is sensitivity to small features generally buried under several intervening layers (-1-20 mm) of conducting and/or nonconducting materials and robustness of design (i.e. the ability to operate in a noisy, unshielded environment). The device has primarily focussed on specific NDE problems such as the ability to detect buried "seams" in conducting materials and quantify the width of these seams. We present the design of the instrument, and some data to demonstrate its capabilities.
I. INTRODUCTION

A. Overview of the Problem
The SQUID milliscope was designed to be a nondestructive evaluation (NDE) tool for stockpile stewardship as part of the Enhanced Surveillance Program at Los Alamos National Laboratory. It is intended that such devices will eventually be located at various inspection sites, where they will operate as one in a complimentary set of diagnostic tools.
The device is capable of sub-millimeter SQUID-to-sample distances, but is different in philosophy from the SQUID microscope of the sort described in [ 11 and [2] . These devices attain high spatial resolution by positioning the SQUID as close as possible to the sample. The features that we were asked to study were located under many intervening layers of conducting and/or non-conducting materials, far from the surface of the-sample. Therefore, proximity of the SQUID to the sample surface is not necessarily beneficial. Also, the scale of the features of interest thus far has not warranted a push to micron resolution. In these respects the device is more similar to the sort of NDE instruments described in [3] -
The goal is to be able to identify defects before having to take the component apart. Often, the instrument would be needed to observe and monitor the status of a known feature such as the width of a seam over time. These considerations shifted our focus from minimizing SQUID-to-sample distance to quantitatively assessing buried features. The instrument has been operational since September 1997. 
B. Why a SQUID?
SQUIDs can be well suited to the problem of buried features. A technique such as complex impedance measurement has to go to lower drive frequencies, a, to get the required skin depth, 6. As shown in (1) this results in a corresponding decrease in signal strength, V, where p is the resisitivity of the material. To see a flaw lcm deep in an aluminum plate requires a less than 100 Hz. This is a difficult regime for conventional eddy current testing [ 5 ] and the advantage of SQUIDs has been demonstrated [9] . Ultrasound has difficulties with signal reflection at the boundaries of material layers that are sonic absorbers (most plastics and electrical insulators), reducing the sensitivity to features below such layers. Radiographic techniques can be expensive, non-portable, and insensitive to small onedimensional features.
SQUID sensitivity does not depend on frequency, enabling these sensors to be used for detecting features and defects over a broad range of material depths. Furthermore, the induction signal at a given frequency depends only on p, not on gaps or intervening layers. Also, a SQUID system can be portable and relatively inexpensive. 
A. Induction Coil Design
The induction coils were designed to produce a "null" in the magnetic field at the location of the SQUID, thus using little or no sensor dynamic range for the induction signal. The large size of the double-D coils relative to the sample sizes produced asymmetric eddy-currents at the sample edges resulting in large anomalous signals. We were able to avoid most of these edge effects with the circle-within-rectangle coil.
Two adjustable current generators with 150 mA maximum output current, driven by a common function generator, provide current to the two induction coils. Prior to acquiring data, the sample is centered beneath the milliscope, and the itz3-current in the coils is adjusted until there is a minimum magnetic field measured by the SQUID.
B. Data Acquisition
The right panel of Fig. 2 is a schematic diagram of the milliscope and data acquisition system. A personal computer controls the SQUID electronics and the motion control system. At each point the PC reads the lock-in amplifier, which records the SQUID'S response amplitude and phase relative to the induction signal. A function generator provides the induction signal and the reference signal to the lock-in amplifier.
PRELIMINARY RESULTS
A. Aluminum
Initial data were taken using 150 mm x 150 mm x 1.5 mm thick aluminum plates. Blank (unperturbed rolled-stock) and flawed plates (with induced .cracks and holes) were examined both individually and stacked. 
B. Titanium Tungsten
A collaborator provided us with a slightly ferromagnetic titanium-tungsten sample that had a stress fracture. A photograph is shown in the left panel of Fig. 5 . The results of a single pass scan lengthwise over the sample are shown in the right panel of Fig. 5 . We were interested in trying to scan the fracture both to assess how the microscope did with a slightly ferromagnetic object and to determine our sensitivity to severe lattice defects that do not necessarily evidence a physical separation. The stress fracture was clearly observed. This data set illustrates that while the instrument can localize defects on the sub-millimeter scale, it is sensitive to defects that are orders of magnitude smaller. The left edge of the sample shown in Fig. 5 is chamfered, and this feature is visible in the scan at 633 Hz.
C. Copper
The left panel of Fig. 6 shows a photograph of a 150 mmx 150 mni fiberglass plate coated with 100 pm of copper. Using a razor blade, "P-21" (the initials of the Biophysics Group at LANL) was scratched through the copper layer, exposing the fiberglass beneath. The *right panel of Fig. 6 shows the raw data from a scan of the copper plate. The letters are clearly visible.
Closely spaced pairs of scratches were placed on copperplated fiberglass plates like the ones described above. We then studied our ability to resolve the two scratches. The scratches were -100 pm wide, 75 mm long, and penetrated the 100 pm copper layer. The scratch-pairs were separated by different distances. The SQUID-sample distance was -1 mm. Results are shown in Fig. 7 . The scratches that were 5 mm apart were resolved. Both the scratch-pairs of 3 mm and 1 mm separation appear as one scratch, although the 3 mm scratch-pair is wider. These data indicate the need to design induction coils tailored to the specific type of defect being sought. Improved induction coil design and the use of a SQUID array will ultimately provide the highest resolution.
D. Titanium
A current stockpile stewardship problem is quantitatively monitoring the evolution of known seams over time, for example, whether or not the seams are changing width with age. These seams are typically buried -1 cm beneath conducting materials.
We designed a simple test sample using two 150mmx 150 mm x 10 mm titanium plates. Titanium was chosen because it has conductivity similar to the specific materials of interest. The seam was simulated by cutting one of the plates in half and inserting spacers. The second plate was stacked or1 top. A photograph of this sample is shown in Fig. 8 .
Our goal was to obtain quantitative information about the: width of the buried seam. Scans were taken for seams of 5 , 10, 20, 40 and 60 mils width at 112 Hz and 266 Hz induction frequencies. Results are presented in Fig. 9 . The response to the seam appears as a valley in the data. The full-width-athalf-minimum (FWHM) was fit for each scan, and is plotted as a function of seam width. As expected, the amplitude of the response grows with frequency. The lower frequency
(1 12 Hz) appears to show the trend of FWHM vs. seam width most clearly. This is also somewhat expected; at 112 Hz the skin depth is 2.2 cm (recall that the seam is 1 cm beneath a titanium plate) while the skin depth for 266 Hz is 1.4 cm. Another interesting feature of the data is that at both 112 Hz and 266 Hz the curve of FWHM as a function of seam width appears to be leveling off. One possible explanation is that the response should fall off as the seam width increases beyond the "field of view" of the SQUID. These data as well as those presented in Section 111. C. (Fig. 7) are preliminary. A detailed study of the effects of SQUID-to-sample distance, coil-to-sample distance, and induction coil size and geometry on the spatial resolution of defects still needs to be completed. Theoretical models (discussed below) should accompany this work.
IV. FUTURE DIRECTIONS
A. Modeling and Calibration
We have begun modeling the titanium seam width problem using OPERA [ 121, a commercial electromagnetic finiteelement code. We anticipate that the results of a modeling effort will enable us to design new induction coils sensitive to specific features of interest at particular depths in a sample.
A series of copper calibration plates with 75 mm-long scratches of depths and widths ranging from 0.125 mm to 1 mm have been fabricated. We intend to use data taken with these plates in conjunction with the model to further quantify the resolution of the instrument and the competing effects of depth and width of buried seams. 
B. Expanded Motion Control System and Electronics
In collaboration with Oak Ridge National Laboratory, a five-axis motion control system with low magnetic-noise is being developed that will enable us to examine spherical and cylindrical samples.
Collaborators at Allied SignaUKansas City Plant [ 131 are currently developing flux-locked loop electronics with high slew-rate to further enable the milliscope to operate in electromagnetically noisy environments.
We are also in the process of designing a SQUID-array to enhance the resolution of the instrument.
